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Abstract
This paper reviews several promising permanent magnet (PM) "lms used for the applications in microelectromechani-
cal system (MEMS). Selection rules for PM "lms are elucidated. Currently in use or developing PM "lms, including
rare-earth magnet alloys, transition-metal alloys and hard ferrites, are critically assessed. To meet the MEMS require-
ments, a permanent magnet "lm must possess, in addition to high magnetic performance at the service temperature, the
adaptability to IC processing as well as environmental stability. Rare-earth magnet "lms showing the best magnetic
performance are not necessarily the best choice for MEMS applications, due to the high corrosion rate. The PtFe or
PtCo "lms and the hybrid-magnet thick-"lms (composed of a photo-lithographable resin and a magnet powder) show
greater potential in future MEMS applications. ( 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Microelectromechanical system, MEMS, stands for
miniaturized electromechanical actuators, sensors, and
micro-systems with coupled electric, mechanical, radiant,
thermal, magnetic and chemical e!ects. There are several
acronyms such as ICMEMS, IMEMS (or iMEMS) and
CMOS MEMS refer to silicon integrated MEMS based
on integrated-circuit (IC) technologies combined with
micromachining, thin "lm deposition or electrodeposi-
tion. The coupling of the latter case with lithography is
called LIGA (lithography # galvanoforming) [1].
The MEMS utilizing permanent magnet "lms consists
of micro-sized motors, actuator, mini-pumps, and other
devices. It has become a booming research and develop-
ment area. Di!erent actuation principles have been
reported [1}4]. They are electrostatic, piezoelectric, mag-
netostrictive and electromagnetic. The electromagnetic
ones are typical of more stable for high force and large
gap applications, very robust in harsh environment (dust,
humidity) and can be driven by common low-cost, low-
voltage controllers, as compared with the others [1].
As early as in 1975, biasing of magneto-resistive trans-
ducers by permanent magnet (PM) "lms was demon-
strated for high-resolution MR recording head [5]. Since
then, various applications based on permanent magnet
"lms have been developed.
Some MEMS applications call for a PM "lm up to
a few hundred nm thickness, while others use PM &thick
layer' of a few microns, even to tenths of a mm. An
interesting point is that in many cases, the PM materials
used were not mentioned in the MEMS literature. In this
paper the PM "lms used in MEMS are brie#y reviewed.
Selection rules for PM "lms are elaborated, and the
currently available materials will be critically assessed,
with a hope to help those MEMS researchers who are
not familiar with permanent magnet "lms.
2. State-of-the-art permanent magnet 5lms for
MEMS applications
Liakopoulos et al. fabricated micro-machined thick
CoNiMnP permanent magnet arrays on silicon substrate
for magnetic MEMS applications [6,7]. The electroplated
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Fig. 1. The schematic diagram of a MEMS actuator using
a permanent magnet "lm and coils.
magnet arrays contain 1500 micro-magnets which have
high vertical coercivity (H
#
) of 0.8}1.3 kOe, a residual
magnetic induction (B
3
) of 2.0}3.0 kG, a saturation mag-
netic induction (B
4
) of 12.0}13.0 kG, and a maximum
energy density, (BH)
.
, of 14 kJ/m3. With deposited spiral
coil around the magnets, micro-actuators, micro-sensors,
and other MEMS devices were said to be possible.
Lagorce et al. developed micromachineable polymer
magnets, prepared using commercial polyimide and fer-
rite powders (85}95 wt%). The B}H curves of screen-
printed magnet layers, showed an H
#
of 4 kOe and Br
approaching 3 kG. A simple microactuator has been
fabricated consisting of a micromachined polyimide
magnet platform #exibly supported by connecting arms,
and a 20-turn circular coil integrated underneath. When
driving the coil with a 300 mA DC current, de#ections
of the platform in the range of $30 lm have been
achieved. By reversing the current directions, both attrac-
tion and repulsion of the actuator occurred [8].
Hatta et al. found strongly induced perpendicular an-
isotropy by microfabrication in co-sputtered PtMnSb
permanent magnet thin "lms (originally in-plane anisot-
ropy) [9].
Ota et al. used a coil winding process for radial-gap-
type electromagnetic devices with cylindrical stator and
a separately fabricated 2-pole magnetized permanent
magnet rotor [10].
Belman et al. cited the use of classical permanent
magnets (Alnico and SmCo alloys) for hybrid stepper
motors. While the NdFeB magnets are extended for
high-power actuators, yet susceptible to high-temper-
ature irreversible demagnetization [11].
Klopzig described a linear micromachined electromag-
netic actuator utilizing thin NdFeB magnets prepared by
electroerosion from a bulk material or sputter deposition
[12].
Hegde et al. used Sm}Co PM "lm (25 lm) for biasing
thin permalloy strips [13]. Levy and co-workers reported
some applications of PM "lms on magneto-optic wave-
guide isolator [14,15]. High-temperature type SmCo
magnet (TbCu
7
structure) with an H
#
of 4 kOe was used
in the waveguide devices to operate at a wavelength
1490}1555 nm with a resulting isolation ratio of 25 dB [15].
Fig. 1 shows the schematic diagram of a microactuator
utilizing a permanent magnet "lm and coils. Many other
designs are similar yet with di!erent geometry [6}8].
3. Critical assessment of PM Films for MEMS
3.1. Selection rules of PM xlms for MEMS
The selection criteria of suitable PM "lms for MEMS
are:
1. Magnetic performance: proper coercivity (H
#
), the
higher the better in residual magnetic induction (B
3
),
the maximum energy products (BH)
.
, and Curie tem-
perature („
#
); while the lower the better in temper-
ature coe$cients of H
#
, B
3
, etc.
2. Adaptability to the MEMS processing: sputtering
or LIGA deposition, dry or wet etching, the necessity
of a high-temperature annealing during processing,
etc.
3. Environmental stability: mechanical stability (bond-
ing strength to the substrate, resistance to vibration
and fatigue, interface residual stress versus substrate),
chemical stability (corrosion resistance), and thermal
stability at operation temperature as well as resistance
to processing temperature), etc.
Table 1 lists the comparison among candidate permanent
magnet "lms. The following discussion is based on the
PM "lms shown.
Magnetic performance of the permanent magnet "lms
is of a major concern in selection. Recently, lots of high-
performance magnet "lms based on rare-earth transition
metals, such as SmCo
5
[16], Sm(Co,M)
7F8.5
[17],
Nd
2
Fe
14
B [18}20], Nd(Fe,Ti)
12
N
x
[21], and the newly
emerging nanocomposite two-phase "lms such as
Nd
2
Fe
14
B}Fe [22], SmCo
5
}Co [23], etc., have been
developed. However, some conventional PM "lms
should also be considered. They are more capable of
electroplating processes than rare-earth magnets, which
are less possible except when special processes will be
developed by using non-aqueous electrolyte solution. In
fact, a MEMS engineer always selects materials accord-
ing to their adaptability to the existing MEMS process-
ing, either by vacuum deposition/sputtering or/and
a post electroplating process. If the electroplating process
is the only way in forming the PM "lms, the rare-earth
magnet "lms will be ruled out no matter how good their
magnetic properties are.
In fact, for high-quality MEMS, magnetic properties
are not the only concern. Material parameters such as
thermal expansion coe$cient (thus the thermal stress
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Table 1
The comparison among candidate permanent magnet "lms
PM "lms B
3
(kG)
H
#
(kOe)
(BH)
.
(MGOe)
Corrosion
resistance
Necessity of
H
*
}„ anneal!
Ease of
Magnetiz.
Eletro plating Ref.
SmCo
5
8 23 18 Poor Nil Yes No [17]
Sm
2
(Co,Fe,Zr)
17
9}11 7 21}28 Poor Yes No No [17]
Nd
2
Fe
14
B 7}12 8}15 20}40 Poor Yes Yes No [18}20]
Nd(Fe,Ti)
12
N
9
12}15 8.7 46.3 Fair Yes Yes No [21]
PtCo/Ag * 1}17 * Excellent Yes No Yes [24]
Pt/Fe 10 10 40 Good Yes No Yes [25]
CoNiMnP 2}3 0.8}1.3 1.8 Good Nil Yes Yes [6,7]
CoCrTaX 7}9 2}4 * Good Nil Yes Yes [26]
FeCrCo 8}12 0.7 * Excellent Yes Yes Yes [27]
MnAl 4}5 3 * Good Nil Yes No [28]
Resin #RPM 8}10 8.5 8}19 Fair Nil Fair No [29]
Resin # Ferr. 3 4 2}4 Excellent Nil Yes No [8]
Ba/Sr-ferrite 2}3 3}4 3}5 Excellent Yes Yes No [30]
c-Fe
2
O
3
3 2}4 * Excellent Nil Yes Maybe [31]
!H
*
}„ Anneal: The necessity of high-temperature annealing (’4503C) or deposited at a substrate temperature higher than 4503C,
which is not favorable for IC-compatible processing
buildups during "lm processing), environmental stability
and mechanical properties are also very important fac-
tors for the long-term service of the MEMS. Should there
be a MEMS for high-temperature applications (up to
higher than 5003C), then the Sm(Co,Zr)
7
"lms are prob-
ably the only choice.
For PM "lms of similar permanent magnet properties,
two other factors are considered, the anisotropic behav-
ior and the ease of magnetization. In the application of
perpendicular biasing "eld, c-axis textured "lms are pre-
ferable. While for longitudinal biasing, a PM "lm tex-
tured with c-axis in-plane or an isotropic "lm is prefer-
able. Furthermore, a rotor "lm on a rotor shaft is usually
magnetized into two or multi-poles, then an isotropic
"lm is much preferable. For the ease of magnetization,
the "lm in consideration is a better nucleation type of
coercivity mechanism. The domain-wall-pinning type
PM "lms, such as Sm
2
TM
17
, (TM stands for Co, Fe, Cu,
Zr) have to be ruled out.
3.2. Rare-earth magnet xlms
Preparation and magnetic properties of rare-earth
magnet thin "lms have been reported widely, by Cadieu
et al. [13}19,21], Chin et al. [20,22] and Hadjipanayis et
al. [24] However, the reported magnetic properties var-
ied among di!erent groups. This is due to the fact that
the "lm preparation facilities are di!erent among labor-
atories, the target materials are di!erent, the substrate
and/or the bu!er layer used are not the same, even the
purity of the sputtering gas is di!erent. The "lm composi-
tion, that is very essential to attain high crystalline an-
isotropy, is very di$cult to control by a single target
scheme. Especially, the rare-earth elements being with
high vapor pressure are highly susceptible to oxidation by
trace oxygen or water vapor. Thus, extra amount of rare-
earth element is required in preparing the target, or addi-
tional rare-earth chips on top of the target are needed.
Araki et al. reported a sputtering method of depositing
Nd}Fe}B magnets by respective Nd, Fe, FeB sputter-
guns, so that the constituent elements in the "lm, hence the
"lm properties, can be precisely manipulated [32].
One aspect of using the rare-earth magnet "lms is the
need of a protective coating, usually TiN or AlN layer to
protect the "lms from corrosion. This coating is crucial to
the service life of the PM "lms. Care has to be taken when
the surface protective layer is opened by photolithogra-
phy. A new protecting layer should be applied right after
the etching.
3.3. Transition-metal-based magnet xlms
Conventional PM "lms, such as Alnico, FeCrCo,
MnAl, PtCo and PtFe can also be considered. Alnico
alloys are similar to FeCrCo alloys in the nature of shape
anisotropy arising from spinodal decomposition, and in
magnetic properties. The temperature coe$cients of
H
#
and B
3
are extremely low for the Alnicos. The
FeCrCo alloy is given as an example here. It has a co-
ercivity of 0.6}1 kOe, a residual magnetization of around
8}12kG [27]. It requires a special annealing scheme,
usually involving a temperature as high as 600}7003C, to
develop suitable spinodal structure. Hence the structure
tends to deteriorate at elevated service temperature.
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Kuo et al. reported RF-sputtered Mn}Al thin
"lms with a high H
#
of 3 kOe and a high Br of
4}5 kG. The "lm requires an annealing at 4103C to
transform from a non-magnetic phase to a magnetic one
[28]. This "lm being environmentally stable, having
a low processing temperature is a candidate for MEMS
application.
Recently, disorder-to-order transition-metal alloys
Pt}Co and Pt}Fe have regained extensive interests due
to its large crystalline anisotropy at the ordered state.
Stavroyiannis et al. found a large coercivity up to 17 kOe
in PtCo/Ag nano-composites [24]. Liu et al. reported
a (BH)
.
value of higher than 40 MGOe in an annealed
nanoscale Fe/Pt multi-layers with Fe concentration
higher than 50% [25]. However, they required an an-
nealing temperature of 500}6003C. This is a little too
high considering the IC processing. Visokay et al. studied
direct formation of ordered Pt}Co and Pt}Fe thin "lms
by sputtering onto a heated MgO[0 0 1] substrate at
’4003C (for Pt}Fe) and ’5003C (for Pt}Co). This
opens a great opportunity for further development of
such "lms. These "lms being adaptable to electroplating
in LIGA processing, are corrosion resistant, and have
a high energy-product, hence are very promising candi-
dates for MEMS.
3.4. Ferrite xlms
This category contains "lms of barium ferrite, stron-
tium ferrite, Fe
3
O
4
(magnetite) and c-Fe
2
O
3
(maghemite) [30,31]. They are made of oxides, so are
hard and environmentally stable. They have high
H
#
ranging from 2 to 4 kOe, a medium B
3
of 2.5}4 kG
and a (BH)
.
of around 3 MGOe. They are commonly
prepared by RF-sputtering. Magnetite and maghemite
"lms can also be prepared by DC-reactive sputtering
[31]. Magnetic properties can be manipulated by doping
of cations [30,31], or by annealing [31]. Abe et al. de-
veloped ferrite plating in aqueous solution [33]. This
makes feasible the LIGA processing of (Fe,M)
3
O
4
(M is
the doping elements) PM "lms.
3.5. Hybrid (resin-bond) magnet xlms
The hybrid magnets made of magnetic powders and
a binder, either a resin or a rubber, have been a booming
area in permanent magnet industry. The magnetic pow-
ders may be either a barium (strontium) ferrite, or a rare-
earth magnet powder (SmCo
5
, melt-spun Nd
2
Fe
14
B
#akes or Sm
2
Fe
17
N
x
). The polyimide bonded ferrite
hybrid magnet developed by Lagorce et al. [8] can be
patterned by photo-etching or screen-printing and is very
promising in future applications. Similar development
can be anticipated by using the combination of polyimide
or the like with rare-earth magnet powders to attain
superior magnetic properties. For instance, H
#
greater
than 10 kOe, B
3
higher than 8 kG and (BH)
.
of
15}20 MGOe can be attained.
4. Summary
The permanent magnet (PM) "lms for MEMS applica-
tions should meet at least three requirements. They are
(1) reasonable magnetic performance, not necessarily the
higher the better; (2) adaptability to the MEMS process-
ing, and (3) environmental stability. The PM "lms cur-
rently in use or developing were critically reviewed in this
paper.
Among the available PM "lms, the prospective ones
are, in order of preference, Pt}M "lms (M"Fe or Co);
hybrid magnet "lms composed of a photo-etchable resin
and a magnet powders; rare-earth magnet "lms such as
Nd
2
Fe
14
B or SmCo
9
, among others. The development
of PM "lms for MEMS applications not only involves
new material design, but also new processing techniques.
The thin PM "lms maybe deposited by electroplating or
electroless-plating in addition to vacuum depositions.
For the vacuum sputter-deposition, multi-target scheme
is much better in controlling the "lm composition. The
thick magnet layer maybe manufactured by electro-ero-
sion of bulk magnet, or by thick "lm printing. The choice
depends on the materials themselves and the processing
of MEMS.
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